Abstract: A thermodynamic model of an open combined regenerative Brayton and inverse Brayton cycles with regeneration before the inverse cycle is established in this paper by using thermodynamic optimization theory. The flow processes of the working fluid with the pressure drops and the size constraint of the real power plant are modeled. There are 13 flow resistances encountered by the working fluid stream for the cycle model. Four of these, the friction through the blades and vanes of the compressors and the turbines, are related to the isentropic efficiencies. The remaining nine flow resistances are always present because of the changes in flow cross-section at the compressor inlet of the top cycle, regenerator inlet and outlet, combustion chamber inlet and outlet, turbine outlet of the top cycle, turbine outlet of the bottom cycle, heat exchanger inlet, and compressor inlet of the bottom cycle. These resistances associated with the flow through various cross-sectional areas are derived as functions of the compressor inlet relative pressure drop of the top cycle, and control the air flow rate, the net power output and the thermal efficiency. The analytical formulae about the power output, efficiency and other coefficients are derived with 13 pressure drop losses. It is found that the combined cycle with regenerator can reach higher thermal efficiency but smaller power output than those of the base combined cycle at small compressor inlet relative pressure drop of the top cycle.
Introduction
Thermodynamic optimization theory is a powerful tool for the performance analysis and optimization of various thermodynamic processes and cycles. In the current studies, performance analysis for Brayton (gas turbine) cycles has made tremendous progress by using thermodynamic optimization theory. For the open Brayton cycles, which are widely used in industry practice, the principle of optimally tuning the air flow rate and subsequent distribution of pressure drops has been used [25] [26] [27] [28] [29] [30] [31] . The analogy between the irreversibility of heat transfer across a finite temperature difference (thermal resistance) and the irreversibility of fluid flow across a finite pressure drop (fluid flow resistance) was exploited by Bejan [25] and Radcenco [26] , and was further studied by Bejan [27, 28] , Chen et al. [29, 30] and Hu and Chen [31] . It had been proved that there existed an optimal pressure drop for fluid flow process.
A thermodynamic model of an open simple Brayton cycle with pressure drop irreversibility was established by Radcenco et al. [32] . They derived the function relations about the compressor power input, the heat released rate produced by the burning fuel, the turbine power output, the rate of heat released by the exhaust, the cycle power output, the cycle thermal efficiency and the pressure loss of the components due to the flow irreversibility of the working fluid versus the compressor inlet relative pressure drop. They also provided numerical results for the analysis and optimization of the cycle power output, and the analysis and optimization results of the cycle thermal efficiency under the constrains of the fuel consumption and the overall flow area, respectively. Chen et al. [33] optimized the power and efficiency of an open-cycle regenerative Brayton cycle by using a similar method. It was found that the regenerative Brayton cycle can attain higher thermal efficiency than that of the simple Brayton cycle but with smaller power output. Wang et al. [34] optimized the power and the efficiency of an open-cycle intercooled Brayton cycle. The numerical examples showed that the increase in the effectiveness of intercooler increases both the maximum cycle thermodynamic first-law efficiency and the maximum net power output. Zhang et al. [35, 36] optimized the performance of an open-cycle gas turbine power plant with a refrigeration cycle for compressor inlet air cooling. It was found that the net power output and thermal efficiency are improved by using the refrigeration cycle for compressor air inlet cooling. Chen et al. [37] optimized the performance of a thermodynamic model for an open regenerative cycle of an externally fired micro gas turbine power plant.
In order to meet the increased request to the effective thermodynamic cycles, more and more new cycle models have been proposed in recently years. Agnew et al. [38] proposed combined Brayton and inverse Brayton cycles in 2003, and performed the first law analysis of the combined cycle by using the commercial process simulation package. It revealed that this combined cycle's performance is superior to the simple gas turbine cycle and suitable for low-grade cogeneration applications. The exergy analysis and optimization of the combined Brayton and inverse Brayton cycles were performed by Zhang et al. [39] . Based on the combined Brayton and inverse Brayton cycles, Alabdoadaim et al. [40] [41] [42] proposed its developed configurations including regenerative cycle and reheat cycle, and using two parallel inverse Brayton cycles as bottom cycles. They found that the system with regeneration attains higher heat efficiency than that of the base system, but with smaller work output based on the first law analysis. Zhang et al. [43] performed exergy analysis of the combined Brayton and two parallel inverse Brayton cycles.
Analysis of thermodynamic cycles based on the first law and the second law are usually used when proposing new cycle configurations such as the combined Brayton and (two parallel) inverse Brayton cycles. In order to know more about the performance of the new configurations, Zhang et al. [44] studied the performance of the combined Brayton and inverse Brayton cycles by using the thermodynamic optimization theory. The power and the thermal efficiency were optimized by adjusting the bottom cycle pressure ratio and the mass flow rate. Moreover, they studied the performance of the combined Brayton and two parallel inverse Brayton cycles [45, 46] . A further step of this paper beyond [37, 42, [44] [45] [46] is to analyze and optimize the performance of the combined regenerative Brayton and inverse Brayton cycles proposed in [42] with consideration of the pressure drops and the size constraints by using similar principles and methods as used in [25] [26] [27] [28] [29] [30] [31] .
Physical Model
The system proposed in [42] is shown in Figure 1 . It is constructed from a top cycle (regenerative Brayton cycle) and a bottom cycle (inverse Brayton cycle). The top cycle is used as a gas generator to power the bottom cycles. The purpose of the turbine in the top cycle is solely to power the compressor of the top cycle. The power output of the combined cycle is totally produced by the bottom cycle. This combined regenerative Brayton and inverse Brayton cycles recover heat energy before the working fluid entering the turbine of the inverse Brayton cycle. Proceeding along the path followed by the working fluid, the following modeling assumptions are made:
(1) The working fluid (air, gas) is an ideal gas with a specific heat that depends on temperature and composition. − (entropy increase is tr s Δ ) followed by the isobaric evolved heat process 5 6 ′ ′ − (pressure is 6 5 tr P P P ′ = −Δ ). (9) The pressure drop associated with the flow out of the hot-side of the regenerator and into the turbine 2 (process 6 6 ′ − ) is rt P Δ . The process is a accompanied by the entropy increase rt s Δ .
(10) The turbine expansion process 6 7 − of the top cycle is modeled as adiabatic and irreversible with the entropy increase 2 t s Δ . In Figure 2 this process is equivalent to the isentropic expansion 6 7s′ − from 6 P to 7 7 2 s t P P P ′ = +Δ , followed by the throttling process 7 7 s′ − accounting for the pressure drop 2 t P Δ through the blades and vanes of the turbine of the top cycle.
(11) The flow through the heat exchanger (process 7 8′ − ) is characterized by the overall pressure drop th P Δ . In Figure 2 this process is represented schematically by the throttling process 7 7′ − followed by the isobaric evolved heat process 7 8 ′ ′ − at pressure 7 P ′ , which accounts for the pressure drop associated with fluid friction through the heat exchanger. The effectiveness of the heat exchanger is defined as ( ) − followed by the throttling process 9 9 s′ − , which accounts for the pressure drop 2 c P Δ associated with fluid friction through the compressor stages of the bottom cycle. (14) The discharge of the gas stream from the compressor of the bottom cycle (process 9 e − ) causes another pressure drop 9 0 e P P P Δ = − and entropy increase e s Δ at temperature 0 T .
Figure 2.
Temperature-entropy diagram and the flow resistances for the combined regenerative Brayton and inverse Brayton cycles.
Cycle Analysis
There are 13 flow resistances encountered by the gas stream for the combined regenerative Bratyton and inverse Brayton cycles. Four of these, the friction through the blades and vanes of the compressors and the turbines, are related to the isentropic efficiencies 
However, the remaining nine flow resistances are always present because of the changes in flow cross-section at the compressor inlet of the top cycle, regenerator inlet and outlet, combustion inlet and outlet, turbine outlet of the top cycle, turbine outlet of the bottom cycle, heat exchanger inlet, and compressor inlet of the bottom cycle. These resistances control the air flow rate m and the net power output W [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [43] [44] [45] [46] . For example, the pressure drop at the compressor inlet of the top cycle is given by:
where 1 K is the contraction pressure loss coefficient, and 1 V is average air velocity through the inlet flow cross-section 1 A , see Figure 2 . It is assumed that the flow is highly turbulent and, as a first approximation, 1 K is a constant when the change in the flow cross-section is fixed [47] . The air mass flow rate through the same cross-section is
where 1 
and is valid with 0.5% in the range 350 1000 
The pressure drop associated with the flow of compressed air into the hot-side of the regenerator is The result is:
The heat transfer rate received by the cold-side of the regenerator is:
The pressure drop associated with the flow into the combustion chamber is 
The heat leakage from the combustor to the ambient is accounted for in terms of combustor efficiency:
The heat transfer rate received by the gas stream is L are the excess air ratio and theoretical air quantity: 
The heat transfer produced by the burning fuel can be nondimensionalized and expressed as follows:
The corresponding heat transfer received by the gas stream is:
The pressure drop associated with the flow into the turbine inlet of the top cycle is 
The result is:
The modeling of the flow though the turbine of the top cycle continues with the apparent turbine pressure ratio 2 
The pressure drop associated with the flow into the hot-side of the regenerator is 
The pressure drop associated with the flow into the turbine of the bottom cycle is 
The modeling of the flow through the turbine of the bottom cycle continues with the apparent turbine pressure ratio ( 
The pressure drop associated with the flow out the turbine and into the heat exchanger of the bottom cycle is , where 7 K is the contraction pressure loss coefficient, which is treated as a constant, and 7 V is the mean velocity based on the turbine 2 outlet flow cross-sectional area 7 A . The relative pressure drop 
The heat transfer rate in heat exchanger is:
[ ]
where [ ] 
The pressure drop associated with the flow out the heat exchanger and into the compressor of the bottom cycle is 
where i β (
) is the ratio of the ambient pressure to the pressure of the compressor inlet of the bottom cycle.
The modeling of the flow through the turbine of the bottom cycle continues with the apparent turbine pressure ratio γ , the ratio of the gas specific heats in the temperature range occupied by the turbine of the bottom cycle is correlated by the same Equation (10) 
The pressure drop associated with the flow out the compressor of the bottom cycle is [ ]
The cooling rate experienced by the exhaust as it reaches the ambient temperature 0 T is
Q m h h = − , or in dimensionless form:
where 0 g γ is evaluated based on Equation (10) 
where R ε is the effectiveness of the regenerator and 52 g γ is evaluated based on Equation ( 
where W Q is the thermal conversion efficiency η of the cycle as follows: 2  2  6  5  2  6  5  2  2   3  0  2  1  2  2  1 2 ( 
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The objective of this study is to solve determine the optimal fuel flow rate and pressure drops that maximize the net power output.
Numerical Examples
The effects of the bottom cycle pressure ratio, the air mass flow rate and pressure drops on the net power output are examined by using numerical examples. The range covered by the calculations is 
In the calculations, it is set that 1 
Conclusion
A thermodynamic model for combined regenerative Brayton and inverse Brayton cycles is established in this paper by considering the pressure drops of the working fluid along the flow processes using thermodynamic optimization theory based on the first law analysis of [42] . The analytical formulae for the relations between power output, thermal efficiency, and the compressor pressure ratio of the top cycle are derived. To summarize the analytical formulae of the model, one notes the expressions for compressor input power Equation (4) of the top cycle, heating produced by the fuel Equation (11), turbine power output Equation (14) of the top cycle, turbine power output Equation (18) of the bottom cycle, compressor input power Equation (23) of the bottom cycle and heat rejection Equation (25) . Each of these quantities is proportional to the compressor inlet relative pressure drop ( 1 rate, for example, the net power output is zero when the flow rate is zero.
The numerical examples show that, for the system with or without regenerator, the dimensionless power output W reaches its maximum at the optimal value 1opt ψ and that the thermal efficiency η decreases with the increase in 1 ψ . The regenerative combined cycle obtains higher thermal efficiency than that of the base combined cycle but smaller power output at small compressor inlet relative pressure drop of the top cycle. They also show that the permissible range of 1 ψ of the system with regenerator is less than that of the system without regenerator. The power and efficiency performance of the combined regenerative Brayton cycle and inverse Brayton cycles will be optimized in a future paper.
